In Drosophila, as in vertebrates, each muscle is a syncytium and arises from mesodermal cells by successive fusion. This requires cellcell recognition, alignment, formation of prefusion complexes, followed by electron-dense plaques and membrane breakdown. Because muscle development in Drosophila is rapid and well-documented, it has been possible to identify several genes essential for fusion. Molecular analysis of two of these genes revealed the importance of cytoplasmic components. One of these, Myoblast city, is expressed in several tissues and is homologous to the mammalian protein DOCK180. Myoblast city is presumably involved in cell recognition and cell adhesion. Blown fuse, the second cytoplasmic component, is selectively expressed in the mesoderm and essential in order to proceed from the prefusion complex to electron-dense plaques at opposed membranes between adjacent myoblasts. The rolling stone gene is transiently expressed during myoblast fusion. The Rost protein is located in the membrane and thus might be a key component for cell recognition. The molecular characterization of further genes relevant for fusion such as singles bar and sticks and stones will help to elucidate the mechanism of myoblast fusion in Drosophila.
The anatomy and determination of larval muscle patterning
Transcriptional activators involved in the differentiation of the somatic body wall muscles and initiation of myogenesis have been analysed in detail in Drosophila melanogaster as well as in various vertebrates (for review see Bate, 1993; Abmayr et al., 1995; Firulli and Olson, 1997; Baylies et al., 1998) .
For the genetic and molecular analysis of pattern formation Drosophila melanogaster provides many advantages over other systems. Within a few hours the embryo develops the complete larval muscle pattern. Each muscle is characterized by its distinct position in the embryo, a particular size and orientation, a specific attachment to the epidermis and the expression of characteristic genes (see below).
The development of individual muscle fibers in Drosophila is preceded by the separation of somatic mesoderm into muscle progenitors and the appearance of a large number of myoblasts that provide a pool of fusion competent cells. It has been shown that the progressive restriction of lethal of scute (l'sc) expression in the mesoderm singles out muscle progenitor cells. Several other genes (e.g. neurogenic genes like notch) have a dual function in neurogenesis and myogenesis and participate in the selection of progenitor cells and myoblasts competent for fusion, most probably by lateral inhibition mechanisms similar to those in neurogenesis (Carmena et al., 1995) .
Asymmetric cell division of individual progenitor cells ( Fig. 1) gives rise to two distinct muscle founder cells, characterized by the expression of transcription factors such as Krüppel (Kr) and S59 (Ruiz Gómez and Bate, 1997) . It was shown that Numb and Inscuteable are essential components in this asymmetric cell division Ruiz Gómez and Bate, 1997; Carmena et al., 1998) . Nautilus, the MyoD-homologue of Drosophila, is also expressed in a distinct set of muscle founders (for review see Abmayr and Keller, 1998) . It has been proposed that these transcription factors act as putative muscle identity genes ( Fig. 1) . After determination of progenitor and founder cells, precursor cells form by fusion with two or three further myoblasts. Myotube formation proceeds by recruiting additional surrounding myoblasts for fusion. These transcription factors, e.g. Kr or S59, are also expressed during and after fusion. Thereafter they are expressed in all nuclei of the individual myotube, which suggests that these transcriptional regulators are also involved in subsequent muscle differentiation and function.
The process of myoblast fusion is the main subject of this review, since the founder-cell hypothesis and muscle patterning have recently been reviewed by Abmayr and Keller (1998) , Baylies et al. (1998) and Paululat et al. (1999) .
Histology of myoblast fusion
EM analysis of myoblast fusion in vertebrates has rarely shown specific steps of fusion events, as myotube formation is asynchronous over weeks (Kalderon and Gilula, 1979) . In contrast, during Drosophila embryogenesis (24 h in total) fusion starts at late stage 11 (about 7 h of development) and is finished at stage 14 (about 11 h of development). The first fusion is observed in the ventral region. Myotube formation begins close to the epidermis and proceeds towards the interior, as demonstrated by light microscopy (Bate, 1993) . Because myoblast fusion is completed within a few hours, electron-microscopic analysis was clearly indicated. Indeed, examination of this process in Drosophila embryogenesis by electron microscopy has provided significant information about membrane fusion and the termination of myogenesis in mutant embryos (see Doberstein et al., 1997 ) (see Fig. 3 and below).
Myoblast fusion occurs again when myotubes develop during metamorphosis. Adult muscle precursors are produced during embryogenesis and are located in the dorsal, lateral and ventral regions of the abdominal segments of the larvae and in imaginal discs as adepithelial cells (for review see Bate, 1993) . Patterning of adult muscles has been investigated by Lawrence (1982) , Roy and VijayRaghavan (1997) and Roy and VijayRaghavan (1998) . In contrast, little is known about myoblast fusion during the development of adult muscles. Therefore here we concentrate on fusion during embryogenesis.
Cell-cell recognition
After successive establishment of progenitor, founder and precursor cells for individual myotubes, precursor cells fuse with further cells from the surrounding pool of myoblasts competent for fusion. This requires cell-cell recognition between precursor cells and mononuclear myoblasts. So far, the mechanism underlying the selection of targets for fusion is unknown, though it is very likely that membrane proteins are responsible for selection and adhesion.
In our view there are at least two models to explain how the recognition between precursor cells and surrounding myoblasts might work. The first hypothesis is that all cells competent for fusion from the available pool of myoblasts are equivalent, regardless of their position within the embryo. In this case we would predict that every individual Fig. 1 . Myogenesis in Drosophila melanogaster. After separation of the visceral and somatic mesoderm, muscle progenitors are selected. They divide into two muscle founder cells characterized by expression of distinct DNA-binding proteins such as S59 (Dohrmann et al., 1990) . The surrounding fusion-competent cells are not marked by these proteins. Founder cells form muscle precursor cells by fusion with two or three myoblasts. All nuclei contain the characteristic factor as is depicted in the wildtype staining for S59 (upper panel) . The fusion of further myoblasts to the growing myofibers can be followed by staining with an antib3 tubulin antibody (middle panel) (Leiss et al., 1988) . Myofibers elongate and attach to the muscle attachment sites in the epidermis. The final muscle pattern is shown by anti-myosin staining (lower panel) (Kiehart and Feghali, 1986) . Leiss et al. (1988) for b3 tubulin distribution during embryogenesis, Gasch et al. (1989) for b3-lacZ reporter lines (crossed into rost P20 ) and Kiehart and Feghali (1986) for anti-MHC.
precursor cell can fuse, in principle, with every fusion-competent myoblast in the embryo. This would mean that fusion-competent cells can be recruited by any precursor. In vivo, founder cells recruit myoblasts for fusion from the nearby region. Transplantation of ventral mesodermal cells into host embryos showed that whatever their position and segmental identity is, myoblasts can fuse with different precursors (Beer et al., 1987; Holz et al., 1997; Klapper et al., 1998) . However, this may be due to a later position-dependent specification in the host embryo.
The second hypothesis is that groups of cells competent for fusion are determined during development to serve as a pool of myoblasts accessible to distinct dorsal, lateral or ventral founders. In this model, the groups of fusion-competent cells are different with respect to their cell recognition capacity, owing to intrinsic differentiation mechanisms or to signals from the overlying ectoderm.
The two ideas can be combined if the differentiation state of cells competent for fusion is time-dependent, which in our view is the most likely situation. Cell transplantation experiments have shown that early in development the cells are equal in their cell recognition capacity; later these cells are subgrouped and selected for their final position.
Cell adhesion
During gastrulation, mesodermal cells invaginate as an epithelium. After the separation of somatopleura and splanchnopleura, the epithelial character is retained by cells of the visceral mesoderm but lost by those of the somatopleura; hence the latter can migrate to distinct positions where the ventral, lateral and dorsal muscles will be formed. For fusion of myoblasts, the cells must again come into close contact. Cell adhesion molecules would be expected to participate in this process, but so far no details are known.
Alignment and formation of prefusion complexes
After the alignment of myoblasts with specific precursor cells, close contact has to be established between the membrane parts that will dissolve during fusion. Here the EM analysis of Drosophila myogenesis revealed a novel step preceding fusion (Doberstein et al., 1997) . Contact sites between myoblasts are characterized by accumulation of up to 50 vesicles on both cytoplasmic sides of the cell membranes. These vesicles are 40 nm in diameter and electron-dense. Often they form a zipper-like structure between two cells, which has been termed the 'prefusion complex'. The membrane of a single cell can form prefusion complexes at multiple sites, where it is apposed to the membranes of several aligned myoblasts (Fig. 3) . It remains to be clarified whether such a cell corresponds to the precursor cell for an individual myotube.
Occasionally electron-dense plaques 10 nm wide and up to 500 nm long are observed between aligned membranes in the wildtype. Thus, this gap-junction-like structure might be a short intermediate step preceding membrane breakdown. Similar electron-dense plaques have been observed in vertebrate cell cultures (Rash and Fambourgh, 1973) .
Membrane breakdown
On the ultrastructural level, establishment of cytoplasmic continuity between myoblasts is a step-by-step process lead- After the determination of muscle precursor cells, they establish contact with the surrounding fusion-competent cells. This process of recognition and cell adhesion is disturbed in myoblast city mutants. At tightly apposed membranes, vesicles align and thus establish the prefusion complex. blown fuse mutants are arrested at this defined stage of fusion. In the wildtype, subsequent disappearance of vesicles is accompanied by appearance of electron-dense material. These plaques have a short-lived structure in the wildtype but accumulate in EMS-induced 43-49 fusion mutant embryos. These are allelic to the second mutation in the original rost P20 chromosome. Overexpression of a small constitutively active GTPase (Drac G12V ) still allows disappearance of plaques but fusion does not proceed to membrane breakdown. This scheme of myogenesis has been modified according to Doberstein et al. (1997) . Ultrastructural analysis revealed that in fusion mutants, myogenesis is arrested at distinct points as indicated in this scheme.
ing first to multiple pores. This requires a mechanism to remove excess membrane material. Irregular clear vesicles are observed close to the vesiculated membrane (Doberstein et al., 1997) . These might represent a membrane recycling system, as has been proposed from analysis in cultured vertebrate cells driven into myogenesis (Rash and Fambourgh, 1973) .
Recently Yagami-Hiromasa et al. (1995) characterized a metalloprotease-disintegrin coding gene and presented evidence of its relevance to myoblast fusion in cell culture. However, the level at which this metalloprotease-disintegrin is involved in fusion remains unknown. So far no homologous protein has been characterised in Drosophila.
In our view there is a distinct difference between most membrane unions and the myoblast fusion of interest here. Membranes between fusing myoblasts break down, while in most other cases lipid bilayers fuse and thus transiently enlarge the membrane, for example, in endocytosis or vesicle-mediated exocytosis.
Mutants with distortions in myoblast fusion
It is conceivable that a number of genes are involved in myoblast fusion, some of which can be detected by a genetic approach. Other components might be essential for earlier developmental steps as well, and therefore might not be detected by mutants due to the earlier arrest in development. Nevertheless, the powerful genetic approach possible with Drosophila has led to the identification of several mutants with severe distortions of myoblast fusion (Fig. 2) , while other mesodermal derivatives such as the dorsal vessel and the visceral muscles are not obviously disturbed (Erickson et al., 1997) . According to their phenotype, the genes have been named myoblast city (mbc) (Rushton et al., 1995) , blown fuse (blow) (Doberstein et al., 1997) and rolling stone (rost) (Paululat et al., 1995) . Recently, we determined that the mutant rost P20 chromosome contains a second mutation in a gene relevant to fusion (see below, Fig. 2G ). Further screens uncovered several other gene distortions that lead to fusion defects. They were named sticks and stones , and singles bar (Maeland et al., 1996) . From the analysis of deletion mutants covering the X-chromosome, further genes relevant to fusion can be expected (Drysdale et al., 1993) . In view of the complexity of myoblast fusion this is not surprising and we expect that even more mutants will be found.
In all of the analysed mutants, muscle founder cells are present and detectable using founder-cell-specific antibodies. Thus, fusion mutants contain determined founder cells and uninuclear myoblasts. The cellular defects obvious in the fusion mutants could be defects of the founder cells, of the myoblast pool competent for fusion, or both. Whether or not the founder cells and the myoblasts competent for fusion fulfil all their functions, e.g. in expressing membrane-anchored adhesion molecules needed for fusion, remains to be determined. At the light microscopic level, mutants with fusion defects exhibit distinct differences, such as relatively loose arrangements of myoblasts in mef2, blow (Fig. 2D) , rost P20 ( Fig. 2E ) and myoblast city (Fig. 2C) , and closely aligned myoblasts in 43-49 fusion mutant (Fig. 2F,G) and Drac1 G12V gain of function mutants (Luo et al., 1994) .
From these light-microscopic data, the molecular analysis (as far as available) and the EM analysis, genes relevant for fusion can be placed into a distinct order, as discussed below in detail and summarized in Fig. 3. 
Essential components for myoblast fusion
The EM analysis and determination of mutant phenotypes has revealed that myoblast fusion is characterized by cell adhesion, vesicle formation and transient electron-dense plaques between fusion-competent myoblasts followed by membrane breakdown. Recently, several of the genes characterized by fusion defects in mutants have been cloned and characterized at the molecular level. This revealed that transcriptional regulators, components of the cytoskeleton and of the cell membrane, and signal transduction cascades are essential for fusion. The genetic and molecular data are incorporated into the current working model for myoblast fusion (Fig. 3) .
Mutants of the transcriptional regulator Mef2 show failure of myoblast fusion and extensive cell death
The Drosophila mef2 gene, which encodes a MADS-boxcontaining transcription factor, was isolated by homology to its mammalian counterpart Myocyte-specific-EnhancerFactor 2 (MEF2), which allowed a genetic analysis of Mef2 function in Drosophila (for review see Olson et al., 1995; Taylor, 1996) . In Drosophila, mef2-mRNA is first detectable at the transition from blastoderm to early gastrula and remains restricted to the mesoderm during germ band extension. Later in development, mef2-mRNA persists during the differentiation of the major mesodermal derivatives (Lilly et al., 1994; Nguyen et al., 1994; Taylor et al., 1995) . The analysis of severe loss of function and null-mutants Ranganayakulu et al., 1995) revealed failure of myoblast fusion and extensive cell death of the unfused myoblasts, while precursors of the visceral mesoderm and the dorsal vessel showed no cell death and initially developed normally. The genes nautilus, apterous, S59 and evenskipped are expressed in the somatic mesoderm of mutant embryos, indicating that muscle founder cells are determined independently of mef2 Lilly et al., 1995; Ranganayakulu et al., 1995) . Thus, failure of founder cell determination cannot be the reason for the prevention of myoblast fusion. Potentially, Mef2 is an essential transcription factor for the regulation of genes that encode essential proteins for fusion. Furthermore, it is known that Drosophila Mef2 regulates genes expressed during myogen-esis or in mature myofibers, such as the b3 tubulin gene in the somatic mesoderm (Damm et al., 1998) and the tropomyosin gene (Lin et al., 1996) .
Myoblast City (Mbc), a cytoskeletal component, is necessary before adhesion of myoblasts
Mutants of the myoblast city (mbc) gene are characterized by failure of myoblast fusion (Fig. 2C, compare to Fig. 2A,B and Rushton et al., 1995) . In homozygous mbc mutants, founder cells are correctly determined and migrate to the same position as in wildtype embryos. Many of the unfused, myosin expressing myoblasts are round, but some -presumably muscle precursor cells -are elongated and send out processes to attach to the epidermis (Rushton et al., 1995) . As the population of cells competent for fusion surrounding the muscle founders remain round, despite the correct determination of founder cells, one might suspect distortion in cell-cell recognition or cell adhesion. Besides the defect in myoblast fusion, mutant embryos show defects in dorsal closure, which corresponds to the expression of mbc in a broad range of tissues such as pole cells, epidermis, endoderm, somatic muscles, visceral muscles and dorsal vessel (Erickson et al., 1997) . Sequence analysis of the gene revealed that mbc encodes a highly conserved 226 kD protein (Erickson et al., 1997) . The homologous human protein is DOCK 180, which interacts with the adaptor protein Crk and has been suggested to be involved in signal transduction from focal adhesion (Hasegawa et al., 1996) . Like DOCK 180, the Drosophila Mbc is evenly distributed in the cytoplasm. Concerning myoblast fusion, Erickson et al. (1997) propose that Mbc is not directly involved in fusion, but may be essential for a cytoskeletal rearrangement step mediated by signal transduction which renders myoblasts competent for fusion and precedes cell adhesion. This agrees with the EM analysis of mbc mutant embryos, in which the number of prefusion complexes is greatly reduced. Recently, the Drosophila homologue of Crk has been identified by its interaction with Myoblast city, implying a strong conservation with the vertebrate signal transduction cascade (Galletta et al., 1999) .
The cytoplasmic Blown fuse protein is required to mediate the step between prefusion complex formation and plaque formation
blown fuse (blow) was identified on the basis of a defect in myoblast fusion at the light microscopic level as well (Doberstein et al., 1997) (Fig. 2D) . Ultrastructural studies showed that prefusion complexes are formed, but no electron-dense plaques are visible either because they cannot be formed or are less stable than in the wildtype. The blow gene encodes a 70 kD protein; the sequence is not informative in that it does not give any hint as to the possible function. The protein is localized in the cytoplasm in all myoblasts during fusion and gradually disappears in myotubes.
The integral membrane protein, Rolling stone, is indispensable for myotube formation
Embryos homozygous for the rost P20 chromosome (Fig.  2E) showed severe fusion defects of the body wall musculature and the pharyngeal muscles while visceral muscles and heart often develop normally. Mutants show late embryonic lethality after dorsal closure. Precursors are determined in rost P20 mutants, as visualized by expression of nautilus, the MyoD-homologue of Drosophila (Paululat et al., 1995) . Recent genetic analysis of the rost P20 mutants revealed that this second chromosome carries two mutations in two different genes. We separated these loci by meiotic recombination. One mutation is localized on the left arm of the second chromosome, on which a P-element insertion localizes at 29F/30A. We decided to name this gene rolling stone and the P-element induced allele rost 30A (Paululat et al., 1995) . The second mutation is localized on the right arm of chromosome 2 between positions 43 and 49 on the cytological map. Both mutations lead to severe muscle defects (Fig. 2F,G,H) . Embryos homozygous for the rost P20 chromosome -carrying both mutations -show a rather variable phenotype such as depicted in Fig. 2E , but also the rost 30A phenotype (Fig. 2H) is present in rost P20 mutants (see also Paululat et al., 1995) . It remains to be clarified whether rost 30A represents a loss-of-function allele (Holz and Renkawitz-Pohl, in preparation) .
Due to the P-element insertion at 30A, a molecular characterization of the rolling stone gene was facilitated . Sequence analysis revealed that Rost is a 30 kDa hydrophobic protein with six to seven postulated membrane spanning regions and short N-and C-terminal domains. This protein shows no homology to any known protein. Cell fractionation indeed showed enrichment of Rost in the membrane fraction. As an integral membrane protein, Rost might function in mediating a signal via Gproteins to activate enzymes, for example proteases, which are essential for membrane breakdown.
In situ localization of rost mRNA revealed that expression starts in myoblasts at early stage 12 (about 7.5 h of development) and gradually disappears at late stage 13 (about 10 h of development), while a low level of expression remains in the nervous system and gonads. rost mRNA is limited to a subset of cells in the dorsal, ventral and lateral myoblasts, the identity of which remains to be established. Antisense expression of rost mRNA specifically in the mesoderm results in severe fusion defects, which demonstrates that rost fulfils its function concerning myoblast fusion in the mesoderm . Many myoblasts do not fuse, but closely align to each other. Based on light-microscopic observation, we assume that rost acts downstream of mbc. Drosophila lines carrying rost-lacZ reporter genes have been analysed, as in mRNA-localization experiments expression of rost-lacZ is detected in presumptive muscle founder cells at a high level, while a surrounding group of smaller cells underlying the founder cells show weak expression of rost-lacZ. This suggests a higher Rost level in muscle founder cells than in the pool of myoblasts competent for fusion .
The gene between cn and vg D (43-49 fusion mutant) is essential to proceed from plaque formation to membrane breakdown
We previously isolated EMS-induced fusion mutants by testing lethality against the original rost P20 chromosome (Paululat et al., 1995) , which contains mutations in two genes (see Section 3.4.). All of these EMS-induced mutations (Fig. 2F ) fall into one complementation group. We show now that these EMS-induced mutations are allelic to the mutation localized by recombination mapping between cn and vg D on 2R (43-49 on the cytological map, see Fig.  2G for phenotype) and not to the P-element induced mutation at 30A on 2L (Holz and Renkawitz-Pohl, in preparation) . From the analysis of these EMS-induced mutant embryos at the light microscopic level, it is evident that myoblasts assort and migrate into dorsal, lateral and ventral positions, and muscle precursor cells are formed (Fig. 2F ) (Paululat et al., 1995 . In homozygous mutant embryos, myoblasts are often observed in close contact, suggesting that cell-cell recognition and adhesion are not disturbed in these mutants (Fig. 2F) .
EM analysis of these EMS-induced alleles revealed that the zipper-like prefusion complex is formed in these mutant embryos, and that the electron-dense plaques accumulate at the appropriate site and then disappear, with no subsequent breakdown of the membrane (Doberstein et al., 1997) . As mutants are halted in development immediately before membrane breakdown, it may be postulated that the encoded protein is directly involved in initiating membrane breakdown.
The GTPase Drac1 might mediate a signal for membrane breakdown
Rac, Rho and Cdc42 proteins belong to the GTPase superfamily, which has been extensively studied in yeast (for review see Ridley, 1996) . Rac and Rho are involved in membrane-actin cytoskeleton interactions, while Cdc42 is essential for bud site selection in yeast. Sequence comparison shows that these GTPases are highly conserved molecules. Luo et al. (1994) isolated the Drosophila rac1 (Drac1) and Drosophila cdc42 (Dcdc42) genes. Both seem to be expressed in muscle precursor cells at stage 10-12 during the time of myoblast fusion. Dominant negative, as well as constitutively active mutant versions of these proteins were expressed in the mesoderm to get preliminary indications of the in vivo function. Expression of the dominant negative form (Drac1 N17 , Drac1 L89 ) delays fusion initially and then leads to excessive fusion (Luo et al., 1994) . In contrast, expression of the constitutively active protein, Drac1 G12V , leads to complete block of myoblast fusion. This is comparable to the overexpression of Rac1 G12V in vertebrate cells, which leads to the same effect (Olson et al., 1987) . Embryos which express the constitutively active Drac1 G12V were analysed on the ultrastructural level (Doberstein et al., 1997) . This revealed that prefusion complexes and electron-dense plaques are formed, but the closely apposed membranes do not vesiculate (Fig. 3) . Furthermore, extensive cell death is observed. Since no loss-of-function mutants exist for Drac1, it is difficult to deduce the biological role in myoblast fusion, though it is very well imaginable that reorganization of the actin filament system and attachment to the membrane is an important step in fusion and dependent on Drac1. In a genetic screen for suppressors of Drac1, Nolan et al. (1998) isolated mbc alleles. As mbc plays a key role in myoblast fusion, the result of Nolan et al. (1998) strongly suggests that Drac1 and Mbc act in the same cascade during myoblast fusion, possibly by being involved in cytoskeleton rearrangement and/or signal transduction.
Myoblast fusion in other organisms
In the last decade, it was shown that the MyoD gene family encoding helix-loop-helix DNA-binding proteins is essential to start the myogenic program, including withdrawal of myoblasts from the cell cycle in cell culture and in embryogenesis (for review see Olson and Klein, 1994; Arnold and Braun, 1996; Olson et al., 1996) . The role of the MyoD family as transcriptional regulators in vertebrates and invertebrates has recently been reviewed by Abmayr and Keller (1998) . In contrast to the extensive analysis of these regulators, far less is known about the proteins mediating the fusion process in vertebrates. On the ultrastructural level, fusion of adjacent plasma membranes of myoblasts were analysed mainly in cell culture (Rash and Fambourgh, 1973; Kalderon and Gilula, 1979) . In contrast to Drosophila, prefusion complexes with aligned electrondense vesicles have not been observed, although electrondense plaque structures were detected. Their relevance to the fusion process is unclear, as they appear 20 h before fusion and may only indicate metabolic exchange. Fusion first creates a single bilayer, which subsequently collapses. At these stages gap junction remnants were observed between the opposed membranes when adjacent membrane areas are already vesiculated. These vesicles are particlefree and are indicative of membrane recycling processes. In comparison to Drosophila, we have to consider that fusion is a rather rare event in cell culture (Kalderon and Gilula, 1979) .
Cadherin and other cell surface proteins have often been discussed as putative fusion molecules. Antibodies against N-cadherin or peptides, which mimic the homophilic binding sites, block fusion in cell culture (Knudson et al., 1990; Mege et al., 1992) . Knockout mice for N-cadherin were established, but in vivo studies are hampered as mice mutants lacking N-cadherin die before myoblast fusion . By an elegant approach Charlton et al. (1997) established primary cell cultures from mice heterozygous for the N-cadherin mutation and selected homozygous mutant myoblasts. These myoblasts were able to fuse, and thus these experiments rule out N-cadherin as an essential component of myoblast fusion. Furthermore, a musclespecific M-cadherin has been described, which is expressed in developing muscles during embryogenesis and transiently in regenerating muscles; however, knockout mice are not yet available, so that the cellular role of M-cadherin remains to be clarified (Donalies et al., 1991; Moore and Walsh, 1993; Cifuentes-Diaz et al., 1995; Zeschnigk et al., 1995) .
Comparison to other membrane fusion mechanisms
Fusion of plasma membranes is a common and important intercellular and intracellular mechanism in many biological events. The following paragraphs introduce the reader to some of these fusion processes.
Intracellular membrane fusion
Intracellular fusion is involved in intracellular transport between organelles, exocytosis, secretion and synaptic transmission; these processes have been intensively studied and recently reviewed (Südhof, 1995; Pfeffer, 1996; Hay and Scheller, 1997; Rothman and Söllner, 1997; Artalejo et al., 1998) . Studies with recombinant proteins recently showed that SNAREpins are minimal machinery for membrane fusion (Weber et al., 1998) .
It is conceivable that myoblast fusion requires some molecules associated with intracellular membrane fusion. Common features are the basic mechanisms for the docking of vesicles to the membrane and fusion of the lipid bilayer. The search for mutants selected for myoblast fusion might not allow these genes to be found, as their loss leads to death before mesoderm differentiation.
Heterotrophic cell fusion in viral invasion of host cells and zygote formation after fertilization
The integration of enveloped viruses by endocytosis or membrane fusion of the viral envelope with the host cell plasma membrane is a well-understood fusion mechanism (for review see Hernandez et al., 1996) . Membrane fusion is mediated by membrane-bound glycoproteins, e.g. the influenza hemaglutinin (HA), which contains a fusion peptide in the membrane-anchored subunit (for review see Hughson, 1995 Hughson, , 1997 . Other viruses require membrane-localized host cell receptors, for example CD4 for HIV-infection of Tcells.
Another typical example of heterotrophic cell fusion is the formation of the zygote from two haploid cells, such as oocyte and sperm. In unicellular organisms such as yeast and Chlamydomonas, the two gametes cannot be distinguished by morphology. In yeast, cell fusion after activation through the mating hormone can be studied by genetic means. Thus, mutants have been isolated in which fusion is interrupted, yielding aberrant zygotes. The genes fus1, fus2 and fus3 encode a plasma membrane-spanning glycoprotein, a 73 kDa membrane-associated protein and a MAPkinase which indicates a signal transduction mechanism (see Elion et al., 1995) . In higher organisms, egg and sperm have distinct morphological characteristics. For sperm-egg fusion of higher organisms a FH30a/b complex, called fertilin, has been characterized. The heterodimer spans the membrane, the a subunit contains a putative fusion protein, the b subunit contains a disintegrin domain and thus resembles many viral fusion proteins in organization (Blobel et al., 1992 ; for a recent review see Wassarman, 1995) . It is proposed that fertilization requires actin-filled cell protrusions or microvilli and thus interaction with the actin-based cytoskeleton (reviewed by Wilson and Snell, 1998) .
Mitochondrial fusion in cell division, in vertebrate muscles and during spermiogenesis
Mitochondrial fusion and fission are often observed in biological systems (for a discussion see Yaffe, 1997) . After mating, meiosis and sporulation of yeast, mitochondria fuse. During Drosophila spermiogenesis, mitochondria fuse to two giant organelles parallel to the axoneme (for a review on Drosophila spermatogenesis see Fuller, 1993) . Recently, Hales and Fuller (1997) cloned the fuzzy onion (fzo) gene, which in the mutated version causes male sterility due to fusion defects of mitochondria. The fzo gene encodes a new membrane-bound GTPase. This is interesting in comparison to the proposed possible role of the small GTPase Drac1 in muscle fusion. Fusion of mitochondria has also been described for vertebrate skeletal muscles (Kirkwood et al., 1986) , but the mechanism remains to be elucidated.
Open questions
In spite of recent advances in understanding Drosophila myogenesis and in comparison to other membrane fusions, many important questions regarding myoblast fusion remain to be answered before the mechanism can be understood.
It is unclear whether specific receptors and ligands mediate the recognition between myoblasts competent for fusion and specific muscle precursors. After recognition and alignment of membranes zipper-like prefusion complexes are formed by vesicles. Vectorial movement is required to bring these vesicles to the opposed membranes and to align them. These vesicles are characterized by electron density, which is indicative of a cargo carried by these fusogenic vesicles. It is not clear if this electron-dense material is deposited to form the short-lived plaques. Furthermore, the mechanism leading to disintegration of plaques and subsequent vesiculation of membranes and recycling of phospholipids is not understood.
Within the last few years, the first analyses of the fusion machinery showed the importance of cytoplasmic components, such as Myoblast city and Blown fused, which might be involved in rearrangement of the cytoskeleton, signal transduction or cell adhesion. Rolling stone is the first membrane-localized component identified as essential for fusion. As several additional fusion mutants have recently been isolated, more components will be characterized on the molecular level and interaction between different components can be studied.
